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A triple quadrupole mass spectrometer with a high pressure collision cell has been used to 
explore the declustering and fragmentation processes that may occur in the vacuum interface 
region of an electrospray or ionspray ion source. Using apomyoglobin as a model protein 
compound, collisional processes in Q2 were used to elucidate possible mechanisms which 
could occur in the orifice-skimmer region to affect the observed charge state distribution. The 
results indicate that charge loss or gain through collisional loss of a proton or electron does not 
occur; rather, higher collision energy results in better declustering of lower charge state ions, 
and fragmentation of higher charge state ions. The net result is an apparent shift toward lower 
charge state as the collision energy in the free jet region is increased. In addition, the data 
suggest that a mixture of heavily clustered monomers and possibly dimers and multimers are 
present in the expansion from ion source into vacuum, and it is this mixture which is acted on 
by the declustering field to produce the observed mass spectrum. The presence of these 
“superclusters” needs to be considered in any theory of ion desorption and transport processes 
in the source and interface region. (J Am Sot Mass Spectrom 1997, 8, 1053-1058) 0 1997 
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E lectrospray mass spectra of proteins show a char- acteristic envelope of multiply charged ions which allows an accurate measurement of the 
protein molecular weight. Although the primary ana- 
lytical interest is usually in the molecular weight of the 
protein, the distribution of charge states observed in the 
spectrum is often interpreted as an indicator of some 
physical property of the protein molecule in solution or 
in the gas phase in the ion source. For example, Le Blanc 
et al. [l] correlated shifts in the charge state distribution 
of cytochrome c and lysozyme with solution pH and 
with solution temperature, and concluded that unfold- 
ing of the protein in solution lead to the observed shift 
in charge state. Mirza et al. [2] investigated heat- 
induced conformational changes in solution by observ- 
ing the charge distribution of proteins in the mass 
spectra. 
to decluster and focus, all offer the potential of contrib- 
uting to modification of the protein structure or of the 
distribution of charge states, in such a way as to distort 
the distribution from that which existed in the bulk 
solution. 
From a purely phenomenological point of view, the 
connection between the protein as it exists in solution 
and as it exists in the vacuum appears somewhat 
tenuous. The processes involved in droplet charging at 
the tip of the sprayer (with the potential for concomitant 
electrochemical processes [3, 4]), desorption of the ion 
from the charged droplet, drift through the ion source 
and then through a current of drying gas or curtain gas, 
passage through an orifice in a supersonic expansion or 
passage through a heated capillary tube, and accelera- 
tion in a rarefied gas downstream of the orifice in order 
For example, it is well known by practitioners that at 
least in some cases, the observed charge distribution 
may be modified by changing the electric potential 
difference between the orifice and the following lens 
element (in the region of rapid gas expansion from 
atmosphere into vacuum). This potential difference, 
which establishes an electric field to accelerate the ions 
through the low density gas, is commonly adjusted to 
provide the optimum signal-to-noise ratio for the com- 
pound of interest. Figure 1 shows that as the voltage on 
the orifice plate (OR) is increased from 5 to 55 V (Figure 
la-d), the baseline noise is reduced and the signal 
increased, an effect which is attributed to focusing and 
declustering in this region. At the optimu:m value of 35 
V, the base peak height is four times higher than at 5 V; 
as the voltage is increased further to 55 V, the base peak 
height decreases by about a factor of 2. Of more interest 
for this investigation is the fact that the maximum in the 
charge distribution is shifted from the 16+ to the 11+ 
charge state as the OR voltage is increalsed over this 
range. The shift in charge state was first reported and 
discussed by Loo et al. [5], who attributed the effect to 
collision-activated dissociation (CAD) in the orifice re- 
gion, with higher efficiency for higher charge state ions. 
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Figure 1. Mass spectra (obtained with Ql) of apoMb obtained at 
an OR-Q0 potential difference of (a) 5 V, (b) 20 V, (c) 35 V, and (d) 
55 v. 
region causes mass-dependent ion focusing, enhancing 
higher mass-to-charge ratio ions at higher voltage; (2) 
protons are collisionally stripped from the protein ions 
as the potential is increased; (3) protonated solvent 
clusters are collisionally stripped from clustered protein 
ions as the potential is increased; and (4) high charge 
state ions are fragmented while low charge state ions 
are more effectively declustered, leading to an apparent 
shift in the charge state distribution. The term “appar- 
ent” is used in the latter case because the true distribu- 
tion of charge states entering the mass spectrometer 
does not change; rather, the part that is observed as 
intact, unclustered protein ions changes due to the 
competing effects of fragmentation and declustering. 
A triple quadrupole mass spectrometer with a high 
pressure collision cell offers an attractive system to 
explore these proposed mechanisms, because at least 
some of the effects which occur in the orifice-skimmer 
region can be qualitatively reproduced in the collision 
cell, with and without prior mass selection. This paper 
is an attempt to systematically test the proposed expla- 
nations above in order to identify the one that best fits 
the experimental observations. 
Experimental 
All experiments were performed on a PE SCIEX API 
III+ triple quadrupole mass spectrometer system. Ions 
are sampled from an ion-spray source through a dry 
nitrogen gas countercurrent rgas curtain”), a few mil- 
limeters in thickness, and then through a 125-pm- 
diameter orifice in the tip of a small cone. The flow of 
ions and gas expands into a cryogenically pumped 
vacuum chamber maintained at a pressure of 1 X 10e5 
Ton. A rf-only quadrupole (“QO”) is located 5 mm 
downstream of the orifice to transmit the ions into Ql, 
the first resolving quadrupole. A dc offset is applied 
between the rf rods and the orifice in order to accelerate 
the ions in the low density expanding gas, to provide 
declustering and fragmentation. A potential difference 
of lo-60 V is typically applied. Due to the rapidly 
changing gas density in the free jet expansion, and the 
inhomogeneous nature of the electric field established 
between the ends of the rf rods and the orifice, the 
collision energy of the ions in this region is a strong 
function of position, and what is observed is a result of 
many collisions over a relatively wide energy range 
before the ions enter the collisionless regime. The gas 
curtain of dry nitrogen ensures that ions collide only 
with nitrogen (99.999% purity) in this region. 
In the experiments reported here, the rf-only colli- 
sion cell (Q2) has been used to study the effects of 
collisional activation of the protein ions and clusters, 
and to relate these to processes that occur in the OR-Q0 
region. The pressures in the two regions are different 
(gas density rapidly decreasing from atmosphere to 
lo-’ Torr downstream of the orifice, compared with a 
uniform pressure of 7 X 1O-3 Torr over the 210-cm length 
of Q2). However, the gas composition in both regions is 
the same (due to the use of a nitrogen gas curtain in 
front of the orifice), and ions can experience collision 
energies in the range of a few electron volts in both 
regions. 
Apomyoglobin (apoMb - MW 16950) was used as the 
model compound in these investigations. A concentra- 
tion of 10v6 M in l/l acetonitrile/water with 0.1% 
formic acid was introduced through the ion-spray 
source at a flowrate of 5 pL/min. All tandem mass 
spectrometry experiments were conducted with a pres- 
sure of 7 mTorr of nitrogen in the 20-cm-long collision 
cell, with collision energies as noted. Nitrogen was used 
as a collision gas in order to provide the same gas 
composition as that in the interface (OR-QO) region. A 
pressure of 7 mTorr is a typically optimum pressure in 
the collision cell for tandem mass spectrometry; tens to 
hundreds of collisions are experienced by the ion, 
depending on the ion-neutral cross section. 
Results and Discussion 
Figure 2 shows a spectrum of apoMb with no declus- 
tering potential applied between OR and QO. The peaks 
exhibit a characteristic tail toward higher mass-to- 
change ratio (over and above that due to the natural 
isotope distribution), which is very likely due to the 
presence of unresolved clusters and adducts of solvent 
and/or buffer molecules. The maximum of the distri- 
bution occurs at approximately the 18+ charge state, 
and the signal tends to be weak and noisy. As the 
declustering potential is increased, the signal strength 
increases, the distribution moves toward lower charge 
state, and the adduct tails decrease in relative intensity. 
To test the postulate that the shift in apparent charge 
state may be a focusing effect (between OR and QO), the 
collision cell was used to study the declustering. Setting 
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Figure 2. Mass spectrum of apoMb obtained with an OR-Q0 
potential difference of 0 V (no declustering voltage). 
the OR-Q0 potential difference to 0 V, to ensure that the 
ion distribution reaching Q2 was as shown in Figure 2, 
nitrogen collision gas was introduced at a pressure of 
about 7 mTorr, and mass spectra were acquired by 
resolving with Q3 at different collision energies. In one 
method, Ql (as the nonresolving quadrupole) was 
operated in the rf-only mode, and scanned at a fixed 
ratio of 0.95 of the rf voltage on Q3. In another method, 
Ql was fixed at a low mass value (i.e., m/z 500) in a 
rf-only mode, and Q3 was scanned. The result of both of 
these experiments was that the mass spectra of apoMb 
as a function of collision energy in Q2 followed the 
same trend observed in Figure 1 (where the OR-Q0 
potential was changed). That is, as the collision energy 
increased, the peak intensities increased (maximizing at 
an optimum value), the high mass tails observed in the 
undeclustered spectrum decreased, and most impor- 
tantly, the charge distribution shifted toward lower 
charge state. At an optimum potential on the collision 
cell of -20 V (relative to QO), the quality and features of 
the spectrum were very similar to those observed when 
the declustering is performed in the OR-Q0 region with 
an OR-Q0 potential difference of 60 V. While declus- 
tering in Q2 did not appear to provide any advantages 
in terms of signal-to-noise ratio or spectral quality over 
declustering in the orifice region, there may be cases 
where the more controllable energy and pressure con- 
ditions allow better optimization of parameters which 
enhance these qualities. For example, with certain sam- 
ple matrices it may be more effective to apply sequen- 
tial declustering steps in order to enhance the signal. 
The conclusion from this experiment is that even 
with an OR-Q0 potential difference of 0 V, ions of all 
charge states are well confined and focused through QO 
and Ql. The apparently weak and heavily clustered ion 
distribution provides, after passage through the Q2 
collision gas at an appropriate energy, a significantly 
more intense and recognizable spectrum very similar to 
the best obtainable with declustering in the orifice 
region. Thus the weak signal observed at low declus- 
tering potentials must be due to a relatively low num- 
ber of properly declustered ions, rather than to a lack of 
proper ion transmission. This suggests the presence of 
large clusters (or small droplets) in the sampled ion 
beam, presumably at a mass-to-charge ratio beyond the 
mass range of the instrument, which are only observed 
upon proper declustering. The presence and identity of 
these superclusters is a precaution against assuming 
that the ions observed in the mass spectrum are iden- 
tical to, or even indicative of the state of, ions created in 
the ion source. 
With the results of the above experiment strongly 
supporting the view that the observed shift in charge 
state is due to collisional processes rather than simple 
focusing effects, it is relatively simple to explore the 
possibility of direct charge loss in the collision process 
(i.e., CAD with loss of one or more protons). Smith and 
co-workers [6-81 reported observing evidence for both 
charge loss (loss of a proton) and charge gain (loss of 
one or more electrons) in CAD of some protein ions. 
The peaks were relatively small (compared to the actual 
protein ion fragments), and were associated with so- 
called “cold” ions, i.e., ions which were not strongly 
declustered or excited in the orifice region. Henion and 
co-workers [9] observed loss of the heme group from 
CAD of heme-containing proteins, but did not report 
the observation of any peaks associated with loss of a 
proton or gain of an electron. 
Using tandem mass spectrometry of several of the 
apoMb peaks, a careful search was performed for 
evidence of peaks associated with either lower or higher 
charge state, varying both collision energy and collision 
gas pressure over a wide range of conditions. Both low 
and high charge states were examined. Just as Smith 
and co-workers observed, there was evid.ence of other 
charge states (both lower and higher) only when very 
low declustering conditions were employed in the 
orifice region. This is shown by the example in Figure 3, 
which shows the CAD spectra of the 12t- charge state 
ion, obtained under high and low declustering condi- 
tions (OR-Q0 voltage differences). Only in the latter 
case is there clear evidence of the presence of other 
charge states. Even in this case, these peaks are only 
observed clearly at low collision energy (120 eV in this 
case), and are at the level of 1% or less of the parent ion 
peak. As the collision energy is increased, the fragment 
ions of the protein itself fill the spectrum and prevent 
observation of the very weak peaks observed in Figure 
3d. 
The observation of a symmetric charge distribution 
around the precursor peak cannot be explained by a 
simple model in which protons are lost due to colli- 
sions. Instead it seems likely that the presence of small 
amounts of protein ion dimers accounts for the ob- 
served spectrum. Dimers have been observed when 
high concentrations of sample are used (e.g., 10P4 M 
[lo]); the mixture of dimer charge states produces peaks 
exactly at the mass-to-charge ratio values of the mono- 
mer charge states (even-number dimer charge states), 
and between the monomer charge state peaks (odd- 
number dimer charge states). Under the low decluster- 
ing conditions employed for obtaining Figure 3d, there 
are weak dimer peaks observed in the single-MS spec- 
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Figure 3. CAD spectra of m/z 1407, the 12+ charge state of apoMb. (a) Moderate declustering 
conditions (OR-Q0 = 50 V), with BO-eV collision energy. (b) OR40 = 40 V, collision energy = 600 
eV. (c) Low declustering voltage (OR-Q0 = 10 V), with X20-eV collision energy. (d) Same spectrum as 
(c), vertical scale expanded 100X. 
trum between the main peaks of the protein monomer, 
even at this relatively low concentration of lop6 M. For 
example, the 25+ state of the dimer appears at m/z 
1357.4, between the 13+ (m/z 1304) and 12+ (m/z 
1407) peaks of the monomer. Figure 4 shows that CAD 
of the 25+ dimer peak results in a spectrum similar to 
that observed in Figure 3d, except that the parent is 
almost fully dissociated. The dimer fragments to the 
monomer with a distribution of charge states around 
the parent (a 25+ dimer forming the 12+ and 13+ 
monomers, or the 11+ and 14+ monomers, or the lO+ 
and 15+ monomers, etc.). Thus, it seems reasonable to 
postulate that the very weak (reasonably symmetric) 
charge state distribution observed around the 12-t 
monomer peak is actually due to a small amount of 24 + 
dimer which fragments to a distribution of monomers. 
m/z 
Figure 4. CAD spectrum of m/z 1357.4, the 25+ dimer of 
apoMb. ORQ = 10 V, collision energy = 250 eV. 
Presumably, at higher OR-Q0 voltage, the dimer is fully 
fragmented to monomers before Ql, and so does not 
reach the collision cell. (As one reviewer pointed out, 
the charge distribution of the products of CAD of the 
dimer may reveal information about the relative proton 
affinities of the charge states. The symmetry of the 
distribution shown in Figure 4 suggests that the relative 
proton affinities of the charge states of apoh4b are 
comparable.) 
The above explanation for the source of other charge 
states in the CAD spectrum is in agreement with the 
conclusion reached by Smith et al. in a thorough inves- 
tigation of the presence of polypeptide and protein 
dimers [lo]. They showed symmetric charge distribu- 
tions from CAD of multiply charged protein and pep- 
tide dimeric ions, under conditions favorable to forma- 
tion of the dimers (concentrations of approximately 
1O-4 M and low declustering conditions in the sampling 
interface), and concluded that earlier results [6-B], in 
which apparent charge loss and gain were postulated to 
be due to proton and electron stripping processes, were 
in fact due to unsuspected contributions from underly- 
ing dimers in the spectra. The fact that we (observe the 
presence of dimers at concentrations approximately 
tenfold lower than Smith et al. [lo], who reported no 
dimers for cytochrome c at concentrations .below lo-’ 
M, may be due to more gentle interface conditions, or to 
better tandem mass spectrometry sensitivity than on 
their triple quadrupole mass spectrometer (TAGA) sys- 
tem. 
The conclusion therefore from this part of the inves- 
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tigation is that there is no evidence of direct loss of 
protons from the protein ions. If this was a significant 
process, leading to the shift in charge distribution, then 
one would expect to see direct evidence in the CAD 
spectra of individual monomers, independent of the 
degree of declustering up front. 
The third putative explanation for the shift in charge 
states as collision energy is increased, is that ions 
actually enter the vacuum as small clusters: apoMb ions 
surrounded by a shell of solvent and buffer molecules. 
With sufficient size and heterogeneity, the spectrum of 
this distribution of cluster ions would appear as a 
continuum or baseline of ion signal, until declustered to 
the bare analyte. If this situation pertains, then one 
might expect that during the declustering process (ei- 
ther in the OR-Q0 region, or in QZ), protonated solvent 
clusters might be stripped from the precursor, creating 
lower charge state analyte ions. This mechanism could 
explain the observed shift in charge state distribution of 
the bare protein ions if increased collision energy re- 
sulted in greater charge loss from the clusters. If this 
explanation (which, from the thermodynamic point of 
view, seems more likely than simple collisional removal 
of one or more protons) is true, then one might expect to 
observe the presence of either protonated solvent clus- 
ters, or bare protonated solvent molecules (assuming 
that the solvent clusters were themselves declustered) 
in the Ql spectrum (or the Q3 spectrum, if declustering 
is performed in Q2). 
To search for evidence of this mechanism, experi- 
ments were performed in which a wide mass-to-charge 
ratio range (tens of Thomsons in width) of the unde- 
clustered apoMb spectrum was passed through Ql and 
fragmented in 42. Under a variety of energies and 
collision gas pressures, there was no evidence of proto- 
nated water, acetonitrile, or water/ acetonitrile clusters 
observed in the fragment spectra. To broaden the 
search, Ql was set at m/z 500 Da, in a rf-only mode 
(mass resolution of zero), in order to transmit all ions 
above approximately m /z 390 (corresponding to those 
ions with a Mathieu 4 parameter value of less than 
0.907). CAD of this mixture of apoMb charge states, 
clusters, and adducts yielded no evidence of low-mass 
ions other than peptide and protein fragments which 
were identical to those observed when high decluster- 
ing was used in the OR-Q0 region. Although not 
conclusive, this appears to reasonably exclude this 
mechanism from consideration. 
The experiments in which CAD of the entire (unde- 
clustered) apoMb distribution was performed were 
revealing in another regard: when transmitting only 
ions of greater than (for example) m / z 1633 through Ql 
(by setting Ql at m/z 2100 in an rf-only mode), CAD 
products corresponding to higher charge state ions 
were observed. Figure 5 shows an example. With no 
declustering on the OR-Q0 region, Ql is set to transmit 
only those ions of >1633 Da. With no collision gas in 
Q2, the spectrum shows a sharp cutoff below m/z 
1633, and a very weak and noisy spectrum above m /Z 
Figure 5. Q3 spectrum of apoMb, with Ql set at m/z 2000 in 
rf-only mode (low mass cutoff = 1633). (a) CAD gas off. (b) CAD 
gas on. 
1633, showing some evidence of the lower charge states 
(Figure 5a). When collision gas is added to Q2 (Figure 
5b), two effects are observed: (1) ions corresponding to 
higher charge states appear at lower m /z; and (2) the 
lower charge state ions increase in intensity. Even when 
the high mass cutoff is set to 1800 Da, a long distribu- 
tion of lower mass ions is observed. Clearly, apoMb 
ions of less than m/z 1633 are generated from ions 
species which are greater in mass-to-charge ratio when 
they pass through Ql. 
This is consistent with the conclusion discussed 
above, that the presence of other charge states can be at 
least partly attributed to the presence of dimers. Dimers 
(and other multimers, if present), quite possibly clus- 
tered with solvent molecules, so that their mass-to- 
charge ratio is well above that of the undeclustered 
monomers, may be fragmented to high charge state 
(low mass-to-charge ratio) monomers. In addition, it 
seems likely that highly clustered monomers may be 
present, which are fragmented (i.e., declustered) by loss 
of neutral solvent molecules, to the observed mono- 
mers. That is, some of the contribution to the 12+ 
charge state (for example) that is observed in Figure 5b 
may be due to declustering of 12+ charge state clusters 
that have mass-to-charge ratio values >m / z 1633 when 
they pass through Ql. This would imply at lleast 153 (or 
more) attached water molecules, or 67 attached aceto- 
nitrile molecules, or some combination of both which 
(together with the l2+ apoMb ion) results in a mass- 
to-charge ratio of greater than 1633. The apparently 
bimodal distribution observed in Figure 5b is presum- 
ably due to the fact that the low mass cutoff of Ql is set 
just below the mass-to-charge ratio value of the lo+ 
charge state, so that all of the 10-t charge state and its 
clusters are transmitted into Q2. It is curious to note that 
the product ions of lower mass-to-charge ratio in Figure 
5b exhibit little of the tailing toward higher mass-to- 
charge ratio, which would indicate the presence of 
some remaining solvent clusters. As the collision energy 
is increased, there is no real evidence of partial declus- 
tering. 
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If the same experiment is performed with a distribu- 
tion of apoMb ions that has been declustered in the 
OR-Q0 region, there is still some weak evidence of 
other charge states in the CAD spectrum of the entire 
distribution, but the most abundant products are frag- 
ments of the protein itself. This can be attributed both to 
the fact that most of the ions in the beam are already 
declustered (i.e., there is no underlying ion current 
composed of clusters and multimers), and to the possi- 
bility that vibrationally excited ions are produced in the 
OR-Q0 region, and these fragment more readily than 
do vibrationally cold ions (and certainly more readily 
that heavily clustered protein ions). As the collision 
energy of ions entering Q2 is increased, the high charge 
state ions begin to disappear (due to fragmentation) 
before the low charge state ions. The more facile frag- 
mentation of high charge state ions compared to low 
charge state ions can be at least partly attributed to the 
fact that the collision energy is proportional to charge 
state. However, other factors that may play a role 
include the fact that the heterogeneity of charge sites 
resulting from the larger number of protons on the 
molecule may promote more efficient fragmentation 
Vll. 
The explanation that seems most consistent with the 
observations reported above is therefore that the shift in 
charge distribution is due to fragmentation of higher 
charge states combined with improved declustering of 
lower charge states (i.e., bringing the lower charge state 
ions out of the baseline noise where they exist as a 
continuum of charged superclusters). This is supported 
by the observation that as the higher charge state ions 
start to decrease in intensity (as the OR-Q0 potential 
difference is increased), low mass peptide fragments 
begin to appear. This effect is seen even more clearly 
when the declustering/ fragmentation is performed in 
Q2, where better control of the collision energy is 
possible. A mass balance (or charge balance) has not 
been attempted (i.e., quantitatively balancing the disap- 
pearance of high charge state protein ions with the 
appearance of low mass peptide fragments), but the 
cause/effect relationship seems reasonable. 
Conclusion 
The picture that emerges, therefore, is one which sug- 
gests that a mixture of monomers clustered with sol- 
vent, plus dimers, and possibly other higher multimers, 
enters the vacuum chamber from the ion source. If no 
declustering is applied in the free jet region, the ion 
beam contains few “bare” protein ions, and the mass 
spectrum of identifiable protein peaks is weak. The fact 
that the base peak is at least five times lower in intensity 
than it is under optimum declustering conditions sug- 
gest that, at least under the conditions described here, a 
major portion of the ion current is in the form of heavily 
clustered and adducted protein ions. This in turn di- 
rects attention at the source region to inquire whether 
“bare” ions are desorbed from the droplets (as is often 
casually assumed), or whether rather the desorbed ions 
are not ejected with many solvent molecules attached. 
The experiments reported here provide no direct an- 
swers, since the ions have ample time to reach thermo- 
dynamic equilibrium with the vapor concentration in 
the source, independent of their initial ejected form, and 
it is this population of ions that enters the dry curtain 
gas region, where declustering (shifting of the cluster 
equilibrium to a lower value) begins. The true size and 
form of the ions entering the vacuum system may only 
be known by using methods such as ion mobility 
and/or high mass resolution. However, the suggestion 
that ions are desorbed in a clustered form dates to the 
original papers on the theory of ion evaporation pub- 
lished by Iribarne and Thomson [12], where it was 
proposed that even small inorganic ions are most favor- 
ably (from a kinetic point of view) desorbed with a few 
solvent molecules attached. 
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